Introduction 16
Cirrus clouds (T<35°C) cover about a large fraction of the Earth's area from more than 17 10% to more than 30% depending on observational times, techniques and different thresholds 18 of detectable optical depth (Wang et al., 1996; Rossow and Schiffer, 1999; Wylie and Menzel, 19 1999; Stubenrauch et al. 2000 ; Sassen et al., 2008) and are important in maintaining the 20 global radiation balance (Ramanathan and Collins, 1991) . They warm the atmosphere by 21 absorbing outgoing longwave radiation emitted by the Earth and atmosphere and re-emitting 22 it at much lower temperatures. This warming effect is partly compensated by their reflection 23 of incoming solar radiation (Chen et al. 2000; IPCC 2013 ). Cirrus clouds also control the 24 dehydration of air before its entry into the stratosphere (Jensen et al., 1996 (Jensen et al., , 2013 . Their (by a factor of ~10). 27
The second category of proposals that might explain the observed low ice number 28 concentrations in the TTL is related to gravity wave cycles (e.g. Spichtinger Phillips et al. (2008) as well as the classical-nucleation-theory (CNT) (see Table 1 The IMPACT module runs in parallel with the default CAM5 aerosol module (MAM3) 4 in CAM5 (Zhou and Penner 2014) . Aerosols simulated by the IMPACT module do not 5 interact with any physical processe in CAM5 except in cirrus clouds (below -35º C). In the ice 6 nucleation parameterization sulphate particles and heterogeneous IN predicted by IMPACT 7 replace those predicted by MAM3. The performance of the offline IMPACT model driven by 8 CAM5 meteorological fields was previously evaluated by Zhou et al. (2012a Zhou et al. ( , 2012b ) and was 9 in good agreement with observations. The overall characteristics of the performance of the 10 coupled IMPACT module within CAM5 are similar to this offline version. We present 11 simulations using two versions of IMPACT, the basic version without secondary organic 12 aerosols (SOA) and the version that includes SOA. The basic version simulates a total of 17 13 externally mixed aerosol types and/or size bins: 3 sizes representing the number and mass of 14 pure sulphate aerosols (i.e. nucleation, Aitken and accumulation modes), 3 types of fossil/bio-15 fuel soot that depend on its hygroscopicity or the amount of sulphate on the soot particles, 2 16 aircraft soot modes (pre-activated in contrails or not), 1 biomass soot mode, 4 dust sizes, and 17 4 sea salt sizes. All these aerosols may mix with sulphate through condensation and 18 coagulation processes or through sulphate formation in cloud drops. Thus, for all non-sulphate 19 aerosols we also track the amount of sulphate mass coated on them. The SOA version 20 includes the volatile organic compound (VOC) oxidation scheme implemented in Lin et al. 21 (2012 Lin et al. 21 ( , 2014 . It has approximately 129 separate gas-phase compounds (depending on which 22 chemical oxidation scheme is used). It uses a chemical mechanism that includes both gas 23 phase and aqueous or liquid phase production of SOA. Specifically, Glyoxal and 24 methylglyoxal are dissolved into cloud and aqueous sulfate to form SOA, and some SOA is 25 formed through the reactive uptake of epoxides on aqueous sulfate. Twenty different semi-26 volatile organic compounds (SVOCs), mainly consisting of organic nitrates and peroxides that 27 are formed from gas phase VOC oxidations, are partitioned into the aerosol phase. In 28 addition, when present within the aerosol phase, the SVOCs form oligomers using a 29 simplified scheme (Lin et al., 2012) . In total, in addition to the 17 aerosol species in the basic 30 
Experiment Description 1
In the ice nucleation parameterization, we specify a single updraft velocity at each grid 2 point. We used three different representations of the updraft: the grid resolved updraft 3 velocity (WGRID), the updraft velocity derived from observed meso-scale temperature 4 fluctuations as summarized by Gary (2006 Gary ( , 2008 COMP+SOA01, COMP+PRE and COMP+PRE+SOA01). Table 1 gives the definition of the 10 set-ups for each updraft velocity category. In addition, for WGRID we added 2 other set-ups: 11 a case with only homogeneous nucleation allowed (HOM) and a model set-up with vapour 12 deposition on pre-existing ice during ice nucleation (HOM+PRE). Since we also vary the 13 
Updraft velocities and SOA IN numbers 24
The updraft velocity plays a crucial role in ice nucleation. It determines how fast the 25
RHi can grow and thus determines whether the RHi reaches the threshold for ice nucleation to 26 occur after vapour deposition on newly formed ice begins. Figure 1a shows the probability 27 density functions (PDFs) determined by sampling the updraft used during nucleation over 28 (not shown). 21
Results from WGRID cases 22
In this section, we examine the effect from water vapour deposition on pre-existing ice 23 particles on ice crystal number concentrations when the grid resolved updraft velocity 24 (WGRID) is used in the ice nucleation parameterization. We also examine the effect of 25 including SOA as IN and of varying the water vapour accommodation coefficient. The use of 26 the large-scale updraft velocity during ice nucleation is based on the parcel model study by 27 Spichtinger and Krä mer (2013). They showed that the superposition of large-scale updrafts 28 and fast gravity waves would limit the ice nucleation time duration and thus the ice number. 29
They showed that about 80% of the observed ice spectrum could be explained by 30 homogenous freezing while the remaining 20% stem from heterogeneous and homogeneous 31 freezing occurring within the same environment, and suggested that their parcel model results 32 could be reproduced using only the large-scale updraft velocity. Here we test this theory by 1 using the large-scale grid resolved updraft velocity in the ice nucleation parameterization in 2 CAM5. 3 In fact, if the number of pre-exisiting ice particles is large enough, homogeneous freezing 22 may not even occur. As a result, the ice number concentration in the HOM+PRE case (blue 23 curve) is substantially smaller than that from the HOM case, especially at lower temperatures 24 (more than one order of magnitude). This case matches the observations of ice number 25 concentration pretty well at temperatures less than 205K, but underestimates concentrations at 26 temperatures higher than 205K. Fig. 3b shows the results using a larger water vapour 27 accommodation coefficient (α=1). Since ice particles grow faster with the larger water vapour 28 accommodation coefficient, the RHi grows more slowly. So fewer ice particles are formed. 29
For the HOM case, the ice number concentrations are much smaller at lower temperatures 30 (compare black curves in Figure 3a and 3b). Case HOM+PRE (blue curves) also shows fewer 31 ice particles but the difference between the case with α=0.1 and 1.0 is relatively smaller. 32 there is a further reduction in the ice number concentration, especially at lower temperatures. 8
But at higher temperatures (T>205K) the change is relatively smaller. This is because at 9 higher temperatures (T>205K) ice grows faster than at lower temperatures thus the effect of the ice number at the coldest temperatures (<195K). When a larger water vapor 21 accommodation coefficient (α=1) is used (Fig 3d) , SOA IN are more effective at reducing the 22 ice number at the coldest temperatures (see the pink curve at T<195K in Fig 3d) but become 23 less important when vapour deposition onto pre-existing ice is included. 24
All in all, for cases using the large-scale grid resolved updraft velocity, as long as vapour 25 deposition onto pre-exising ice is included, both the homogeneous freezing only case (HOM) 26 and the competition cases (COMP) can produce in-cloud ice numbers in good agreement with 27 the observations in the TTL cirrus clouds at temperatures less than 205K. If vapour deposition 28 onto pre-existing ice during ice nucleation is not considered, then a larger water vapour 29 accommodation coefficient (α=1) together with SOA as IN can also lead to a good agreement 30 with observations. One caveat regarding the above results is that since the dynamical region 31 studied in Spichtinger and Krä mer (2013) was for very special conditions (namely it is 32 characterized by very low vertical updrafts (< 2 cm s -1 ), low temperatures (T<205K) and 33 strong stratification (i.e. high Brunt-Vä isä lä frequency)), the use of the large-scale grid 1 resolved updraft velocity may not be valid for weaker stratifications or when WGRID is not 2 small enough. Figure 5 shows the results from cases with both heterogeneous and homogenous 27 nucleation (COMP) when the updraft velocity (WTKE) is based on the sub-grid scale 28 turbulent kinetic energy. As WTKE is on average much higher than the other two velocity 29 cases, the COMP cases without vapour deposition onto pre-existing ice overestimate the ice 30 numbers substantially for both water vapor accommodation coefficients. Adding SOA IN has 31 almost no effect on the simulated ice number concentrations except at higher temperatures 1 around 220K (pink curve in Fig. 5a ). The critical IN number needed to suppress homogeneous 2 freezing increases with decreased temperature and increased updraft velocities. This suggests 3 that when WTKE is used, the addition of 0.1% of the total SOA as IN is not large enough to 4 reach this critical IN number (except at some of the temperatures higher than 215K) (see 5 pink curve in Fig. 5a ). If 1% of the total SOA is allowed to act as IN, then there are 6 significant decreases in the ice number concentrations at temperatures above 205K (see pink 7 curves in Fig. S1 ). But the effect is still small at the lowest temperatures. When vapor 8 deposition onto pre-exisiting ice is included, the WTKE is reduced but is still quite large 9 compared to WGARY (see Fig. 1b show a small effect at higher temperatures. 5
Results from WTKE cases 26
Here is a summary of the set-ups for different updraft velocities needed to produce ice 6 number concentrations in-line with observations at temperatures less than 205K: 7 1) For the small grid resolved updraft velocities (i.e., case WGRID where W is typically 8 < 0.1 m s -1 ), using either homogenous freezing only or including the competition 9 between homogeneous and heterogeneous nucleation in the ice nucleation 10 parameterization is able to produce the observed lower ice numbers when vapour 11 deposition onto pre-existing ice particles is considered. When vapour deposition onto 12 pre-existing ice particles is not considered, then a larger water vapour accommodation 13 coefficient (α=1) and SOA IN are both needed to produce the observed lower ice 14 numbers. can form ice number concentrations that fit both temperature ranges. The obvious issue is that 28
ice numbers from the model and the observations have nearly opposite temperature 29 dependence slopes (i.e., decreased ice number with increased temperature seen from models 30 vs. increased ice number with increased temperature seen from observations), a point noted 31 previously using parcel model studies (Murphy 2014) . The slope seen from the model results 32 is a fundamental consequence of slower growth rate of ice particles and less water vapour 1 available at lower temperatures. The only way to reverse the slope would be if some 2 parameters, such as IN concentrations or sub-grid updraft velocity, were themselves functions 3 of temperature. It is possible that CAM5 may overestimate the TKE in the upper troposphere 4 at temperatures less than 205K, but an analysis of this is beyond the scope of this paper. 5
When we use WGRID at temperatures lower than 205K and WTKE at temperatures higher 6 than 205K, we are able to reverse the slope and the simulated ice number concentrations fit 7 the observations well in both temperature ranges (see Fig. 6a ). But this choice of updraft 8 velocity lacks any theory or observational support. It might be that we could only apply the 9
proposal by Spichtinger and Krä mer (2013) of using the large-scale updraft in the ice 10 nucleation parameterization at temperatures lower than 205K but not at temperatures higher 11 than 205K. The dynamic conditions near the top of troposphere may favour a combination of 12 a slow persistent large-scale updraft velocity and short gravity waves which satisfy the special 13 situation described by Spichtinger and Krä mer (2013) 
